The glyoxylate shunt is a metabolic pathway of bacteria, fungi, and plants used to assimilate even-chain fatty acids (FAs) and has been implicated in persistence of Mycobacterium tuberculosis (Mtb). Recent work, however, showed that the first enzyme of the glyoxylate shunt, isocitrate lyase (ICL), may mediate survival of Mtb during the acute and chronic phases of infection in mice through physiologic functions apart from fatty acid metabolism. Here, we report that malate synthase (MS), the second enzyme of the glyoxylate shunt, is essential for in vitro growth and survival of Mtb on even-chain fatty acids, in part, for a previously unrecognized activity: mitigating the toxicity of glyoxylate excess arising from metabolism of even-chain fatty acids. Metabolomic profiling revealed that MS-deficient Mtb cultured on fatty acids accumulated high levels of the ICL aldehyde endproduct, glyoxylate, and increased levels of acetyl phosphate, acetoacetyl coenzyme A (acetoacetyl-CoA), butyryl CoA, acetoacetate, and β-hydroxybutyrate. These changes were indicative of a glyoxylate-induced state of oxaloacetate deficiency, acetate overload, and ketoacidosis. Reduction of intrabacterial glyoxylate levels using a chemical inhibitor of ICL restored growth of MS-deficient Mtb, despite inhibiting entry of carbon into the glyoxylate shunt. In vivo depletion of MS resulted in sterilization of Mtb in both the acute and chronic phases of mouse infection. This work thus identifies glyoxylate detoxification as an essential physiologic function of Mtb malate synthase and advances its validation as a target for drug development.
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tuberculosis | metabolism | malate synthase | glyoxylate detoxification T he unusual evolution of Mycobacterium tuberculosis (Mtb) within humans as both host and reservoir has shaped its pathogenicity around adaptation of its carbon and energy metabolism to the diverse yet specific array of microenvironments encountered within human hosts (1) . Current evidence indicates that Mtb can be found inside lipid-rich macrophages and in cavities, suggesting that these environments provide the pathogen with nutrients that facilitate persistence (2, 3) . Consistent with this evidence, multiple Mtb genes involved in fatty acid (FA) and lipid uptake and catabolism have been shown to be essential to establish and maintain chronic infections in mice (4) (5) (6) (7) (8) . Together, such studies have directed considerable attention to pathways of lipid catabolism as a key determinants of Mtb's pathogenicity and sources of potential drug targets (9) .
Our understanding of Mtb's metabolic pathways however remains rudimentary. This knowledge derives in large part from the functions of orthologous genes conserved in other organisms. Though powerful for its assignment of biochemical functions, comparative genomic approaches neglect potentially important differences in the ecologic niches and selective pressures that genes have evolved to serve. One emerging and prominent example of such dissociation is exemplified by our understanding of the function of Mtb's glyoxylate shunt. The glyoxylate shunt consists of two enzymatic reactions catalyzed by isocitrate lyase (ICL) and malate synthase (MS) (Fig.  S1 ). The first enzyme in the pathway, ICL, cleaves isocitrate into glyoxylate and succinate. The second enzyme, MS, catalyzes the conversion of glyoxylate and acetyl coenzyme A (acetyl-CoA) into malate and CoA (Fig. S1 ). Together, these enzymes enable bacteria, plants, and fungi to assimilate biomass when cultured on even-chain fatty acids by bypassing the oxidative decarboxylation of two carbon units associated with the TCA cycle. Early work showed that ICL is critical for Mtb's ability to replicate and persist in mice (4, 7), whereas genome-wide transposon mutagenesis studies and the failure to generate a MS mutant suggested MS to be essential for growth in vitro (10, 11) . Based on these data, the essentiality of these enzymes was largely ascribed to their canonical role in carbon assimilation and anaplerosis.
Recent work, however, showed that Mtb requires ICL for functions apart from carbon assimilation. These include resistance to a variety of stresses relevant to infection, such as hypoxia, starvation, and a broad spectrum of antibiotics (12) (13) (14) (15) . ICL also functions as a methylisocitrate lyase in the methylcitrate cycle, which is critical for metabolism and detoxification of odd-chain fatty acids (16, 17) . Moreover, loss of methylisocitrate lyase activity in ICL-deficient Mtb was specifically shown to mediate the bactericidal essentiality of ICL due to previously unrecognized roles of the methylcitrate cycle in homeostasis of Mtb's intrabacterial pH and membrane potential (13) . Based on these findings, we sought to investigate the essentiality and role of MS in the virulence of Mtb.
Significance
A better understanding of essential processes in Mycobacterium tuberculosis (Mtb) is required for the development of new chemotherapeutics. Isocitrate lyase (ICL) and malate synthase (MS) function in the glyoxylate shunt, a pathway required by Mtb to metabolize fatty acids (FAs) . Here, we demonstrate that Mtb MS enables growth and survival on fatty acids through its ability to simultaneously detoxify a metabolic byproduct arising from the initial assimilation of acetyl coenzyme A (acetyl-CoA), glyoxylate, while assimilating a second molecule of acetyl-CoA. We further show that MS depletion during acute and chronic mouse infections kills Mtb. These studies expand our fundamental understanding of the glyoxylate shunt and biologically validate MS as an attractive drug target in Mtb.
MS catalyzes the conversion of glyoxylate and acetyl-CoA into malate and CoA (Fig. S1 ) and is not known to have secondary metabolic functions. The crystal structure and catalytic mechanism of MS have been extensively studied (18, 19) and potent inhibitors of the enzyme have been developed (20) . MS inhibitors killed Mtb in culture and reduced the bacterial load in a mouse model of acute infection (20) . Unexpectedly, the bactericidal activity was not restricted to bacteria metabolizing acetate but also glucose, suggesting that MS might be required for survival of Mtb independently of the carbon source, or that these inhibitors target additional enzymes. In this work, we identified conditions that rendered MS dispensable for growth of Mtb, and allowed us to generate a MS-deficient strain. This deletion mutant and a conditional knockdown strain helped define the specific metabolic consequences associated with loss of MS activity, the essentiality of MS during acute and chronic mouse infections, and a unique physiologic role of MS unrelated to carbon assimilation, not shared by ICL-deficient Mtb.
Results

MS Is
Required for Mtb Virulence in Mice. We first sought to evaluate whether MS is important for growth and persistence of Mtb in vivo. Chemical inhibition of MS impaired the ability of Mtb to establish an acute infection in mice (20) . However, whether MS is required for persistence during the chronic phase of infection had not been determined. Therefore, we generated a mutant in which MS could be depleted at any time postinfection. In this dual control (DUC) strain, MS is transcriptionally silenced and proteolytically degraded by addition of anhydrotetracycline (atc) or doxycycline (doxy), as previously described (21) . To achieve this objective, we generated a strain that contained a second copy of glcB, which encodes MS, on a streptomycin resistance-conferring plasmid integrated at the attachment site of the mycobacteriophage L5 (attL5) in the chromosome of wild-type (WT) Mtb Erdman. Next, we replaced the native glcB gene with a hygromycin resistance cassette and confirmed deletion of glcB by Southern blot (Fig. S2 A and B) . Plasmids in the attL5 site can be efficiently replaced by another plasmid that also integrates into attL5 and can be selected for with a different antibiotic (22) . We transformed the mutant with a plasmid that conferred zeocin resistance and contained DAS (aspartate-alanine-serine)-tagged glcB expressed from the tetracycline (tet)-operator containing promoter P750, and reverse tet repressor driven by a constitutive promoter. In addition, the mutant was transformed with a plasmid that integrates in the tweety phage attachment site and expresses the SspB adapter protein-responsible for targeting MS-DAS to the ClpP protease-under control of the wild-type tet repressor. Treatment of Mtb glcB-DUC with atc reduced abundance of MS to undetectable levels ( Fig. S2C ) and inhibited growth in carbon-defined media with acetate as carbon source (Fig. S3 ). This experiment established that glcB expression was regulated in an atc-dependent manner. We infected mice with glcB-DUC and fed them doxy to inactivate MS at different time points during and after establishment of infection ( Fig. 1 A and  B) . In response to doxy treatment, titers of glcB-DUC declined in lungs and spleens at all time points tested. This decline was accompanied by a significant reduction in lung pathology. In mice treated with doxy on day 35, when the lungs contained numerous lesions, hardly any lesions were detectable anymore by day 113 (Fig. 1B) . This experiment confirmed that MS is required for growth of Mtb in vivo and demonstrated that MS is also essential for persistence during the chronic phase of mouse infection.
MS Essentiality Depends on the Carbon Source. The essentiality of Mtb genes encoding enzymes of central carbon metabolism can be carbon source dependent (6, 8, 23, 24) . Such dependence may help explain apparent discrepancies in transposon mutagenesisbased studies of gene essentiality, including for glcB (10, 25). Accordingly, we observed that MS-depleted glcB-DUC was able to grow in media with glucose as a sole carbon source (Fig. S3 ). Because previous attempts to generate a glcB knockout on standard media had failed, we investigated whether changing the media composition would permit genetic deletion of Mtb glcB. Using the mutant that contained a single copy of glcB in the attL5 site, we attempted to remove glcB by transforming it with a plasmid lacking glcB and conferring kanamycin resistance. Transformants were cultured on standard Mtb agar plates containing kanamycin for selection and glucose, glycerol and oleic acid as carbon sources, or glucose and glycerol but no oleic acid. Kanamycin-resistant colonies appeared only on media lacking oleic acid. This glcB knockout (ΔglcB) did not express MS (Fig. S2C) and it recapitulated the sensitivity toward oleic acid when recultured on agar plates ( Fig. 2A) . In liquid media, ΔglcB also had a significant growth defect when oleic acid was present, but grew like WT Mtb when cultured only with glucose and glycerol ( Fig.  2A) . In contrast, growth of ICL-deficient Mtb (Δicl1/2) was less impaired than ΔglcB Mtb in oleic-acid-containing medium, and not improved by omission of oleic acid. This sensitivity was not unique to oleic acid, because growth of ΔglcB was also inhibited by cholesterol, a physiologically relevant carbon source that is catabolized into acetyl-CoA, propionyl-CoA, and pyruvate (26) (Fig.  2B ). Although cholesterol supported growth of WT and enhanced its growth with glucose, it was toxic to ΔglcB, suppressing its growth even in the presence of glucose. This finding demonstrated that, although MS is not essential for growth in all conditions, it is required to resist fatty-acid-associated toxicity.
To further assess the phenotype of ΔglcB in host-relevant conditions, we quantified bacterial burden over time in bonemarrow-derived macrophages (BMDMs) and in the mouse model. We found that ΔglcB failed to replicate and survive in resting and in IFN-γ-activated macrophages, a cell type critical for Mtb's intracellular lifestyle within the host (Fig. 2C) . Also, mice infected with ΔglcB quickly cleared the infection (Fig. 2D ). At 10 d after infection no bacteria were detectable in lungs, whereas WT Erdman had expanded by over four orders of magnitude. Thus, infection with ΔglcB confirmed the essentiality of MS for growth and survival in macrophages and in the acute phase of mouse infection.
MS Is Required to Resist Both Even-and Odd-Chain Fatty-AcidAssociated Toxicity. To investigate the fatty acid sensitivity of ΔglcB, we assessed growth in carbon-defined minimal media. Although even-chain fatty acids are broken down into acetylCoA by β-oxidation, metabolism of long, odd-chain fatty acids (and cholesterol) gives rise to both acetyl-and propionyl-CoA. We therefore tested the impact of both even-and odd-chain fatty acid carbon sources on growth. ΔglcB grew indistinguishably from WT with glucose or glycerol as a sole carbon source, but failed to grow with acetate or butyrate (Fig. 3A and Fig. S4A ). ΔglcB also failed to grow in media with propionate. Moreover, the addition of glucose failed to rescue growth of ΔglcB in media containing acetate, propionate, or valerate (Fig. 3B) .
Previous work showed that Mtb can metabolize propionate through both TCA-cycle-dependent and -independent pathways. The former, TCA-cycle-dependent pathway, known as the methylcitrate cycle, converts propionyl-CoA into pyruvate and succinate via condensation with oxaloacetate, followed by a dehydration/ isomerization and cleavage reaction, whereas the latter, TCA-cycleindependent methylmalonyl-CoA pathway, converts propionyl-CoA into succinyl-CoA via a carboxylation reaction followed by a vitamin B 12 -dependent isomerization reaction (27) (Fig. S1 ). We found that addition of 10 μg/mL vitamin B 12 restored wild-type levels of growth to ΔglcB Mtb in the presence of odd-, but not even-chain fatty acids, suggesting that lack of MS impairs metabolism of propionyl CoA via effects on the TCA cycle. Consistent with this view, growth with valerate, which gives rise to both acetyl-and propionyl-CoA, was only enhanced but not rescued by vitamin B 12 . Unexpectedly, vitamin B 12 suppressed growth of ΔglcB Mtb in 0.05% acetate and 0.2% glucose, a phenotype that requires further investigation. Notwithstanding, these results indicated that the fatty-acid-specific growth defects of ΔglcB Mtb are mediated by effects on levels of TCA cycle intermediates.
Focusing on the role of Mtb MS in acetate metabolism, we noted that, although high concentrations of acetate inhibited growth of both WT and ΔglcB Mtb, ΔglcB was consistently more vulnerable to acetate than WT (Fig. 3C and Fig. S4B ). In contrast, low concentrations of acetate surprisingly appeared to enhance growth of ΔglcB over that on glucose alone. Indeed, although 0.2% acetate completely suppressed growth of ΔglcB in the presence of 0.2% glucose, 0.025% acetate enhanced growth (Fig. 3C) . These results suggested that ΔglcB is able to cocatabolize glucose and acetate at low acetate concentrations but becomes vulnerable to a dominant negative toxicity at higher concentrations of acetate ( Fig. 3D and Fig. S4B) . Indeed, the kinetics of ΔglcB death were dependent on the acetate concentration and, unexpectedly, exacerbated by glucose at acetate concentrations of 0.2%, resulting in a 4 log 10 reduction in viability during 30 d of incubation (Fig. 3D) . As expected, vitamin B 12 could not rescue growth of ΔglcB with 0.05% acetate and 0.2% glucose (Fig. 3B) . Taken together, these results indicate that MS deficiency renders Mtb vulnerable to fatty acids via a dominant negative effect on TCA cycle intermediates.
Glyoxylate Toxicity in MS-Deficient Mtb. Although both ICL and MS participate in the same pathway, MS-deficient Mtb displayed an increased susceptibility to oleic acid that could not be rescued by glucose and glycerol, which supported partial growth of Δicl1/2 Mtb (Fig. 2A) . We therefore sought to functionally determine whether the increased vulnerability of ΔglcB Mtb was due to accumulation of glyoxylate, the direct substrate of MS (and product of ICL), or depletion of malate, a shared downstream product of both ICL and MS. To do so, we tested the impact of ICL inhibition on growth of ΔglcB in fatty acids. As shown in Fig. 4A , addition of the ICL inhibitor itaconic acid (13) eliminated the growth lag of ΔglcB caused by 0.006% oleic acid or 0.05% acetate. Addition of itaconic acid to plates containing oleic acid similarly enabled growth of ΔglcB in a dose-dependent manner (Fig. 4B) . Glyoxylate also inhibited growth of ΔglcB with a lower minimal inhibitory concentration (MIC) than against WT Mtb specifically in acetate-containing media (Fig. S5) . Together, these results thus indicate that the heightened susceptibility of ΔglcB Mtb to oleic acid is functionally linked to accumulation of glyoxylate, rather than depletion of malate.
Metabolic Consequences of Malate Synthase Deletion. To directly investigate the metabolic changes associated with growth-permissive and death-inducing conditions, we analyzed metabolite pool sizes in WT and ΔglcB Mtb by liquid chromatographycoupled mass spectrometry (LC-MS) before the onset of any measurable loss of viability (Fig. 5 ). Bacteria were grown on filters and exposed to four conditions: (i) 0.2% glucose, (ii) 0.2% acetate, (iii) 0.025% acetate and 0.2% glucose, and (iv) 0.2% acetate and 0.2% glucose for 1 d. The most profound difference in metabolite pools size was observed for glyoxylate. In addition, glyoxylate accumulation in death-inducing conditions (0.2% acetate; 0.2% acetate plus 0.2% glucose) was greater than in growthpermissive conditions (0.2% glucose; 0.2% glucose plus 0.025% acetate). Addition of itaconic acid, conversely, reduced the glyoxylate pool size in ΔglcB grown on plates containing 0.2% glucose and 0.05% acetate (Fig. S6) . However, glyoxylate accumulated in ΔglcB in all conditions tested. Indeed, addition of 0.2% acetate to 0.2% glucose significantly enhanced accumulation of glyoxylate, as did addition of 0.025% acetate to 0.2% glucose, which promoted growth of ΔglcB. This dissociation suggested that, although perhaps necessary, glyoxylate accumulation alone was not sufficient to mediate growth inhibition or death.
In contrast to the accumulation of metabolites upstream of the MS reaction, levels of downstream metabolites [malate, aspartate (indicative of oxaloacetate)] exhibited reciprocal reductions compared with WT and complemented mutant strains, with magnitudes that correlated with growth inhibition. Levels of succinate, fumarate, and methyl(iso)citrate similarly exhibited deficiencies that were strictly associated with growth inhibition. These results thus corroborate the expected role of glcB encoding the only functional MS enzyme in Mtb and identify potential downstream mediators and/or reporters of fatty-acid-induced toxicity in ΔglcB.
Glyoxylate exists primarily as a gem-diol hydrate in which one carbon is bonded with two hydroxyl groups, but may also exist in an aldehyde form capable of reacting with proteins and DNA within the cell (28, 29) . In addition to macromolecular reactivity, glyoxylate can also react with other metabolites such as oxaloacetate and pyruvate, resulting in products that can reduce levels of the corresponding metabolites and/or inhibit enzymes of the TCA cycle (30) . Consistent with prior reports of glyoxylate as a competitive inhibitor of pyruvate dehydrogenase (31, 32), we observed increased levels of pyruvate in the MS mutant cultured on glucose and acetate (Fig. 5) . Owing to their acid lability, we could not directly monitor levels of oxaloacetate or oxalomalate, the condensation product of oxaloacetate and glyoxylate (33, 34) . However, using aspartate as a transaminated surrogate, we observed significant deficiencies in ΔglcB with magnitudes that correlated with both the presence of a fatty acid and growth inhibition, indicating a relative biochemical deficiency of oxaloacetate in these settings. Moreover, incubation of ΔglcB on 0.2% glucose plus 0.2% acetate revealed linked accumulations of glyoxylate and the acetate-derived accumulation products, acetylphosphate, acetoacetyl-CoA, butyryl-CoA, and acetoacetate and β-hydroxybutyrate (neither of which was observed on glucose) supporting a glyoxylate-induced consumption and deficiency of oxaloacetate (Figs. 5 and 6 ). Consistent with a functional reduction in oxaloacetate levels (13), we also observed that activation of the TCA-cycle-independent (and hence oxaloacetate-sparing) methylmalonyl-CoA pathway enabled growth of ΔglcB Mtb on propionate (Fig. 3B) .
Oxaloacetate serves as both a primary reactant and final product of fatty acid metabolism through the glyoxylate shunt. Lack or deficiency of oxaloacetate results in a reduced capacity to assimilate acetyl CoA, leading to an accumulation of acidic ketone bodies from the condensation of two unassimilated molecules of acetyl-CoA. Consistent with this prediction, we observed matching and specific accumulations of acetoacetylCoA, and the corresponding reduced ketone bodies, acetoacetate and β-hydroxybutyrate, as well as accumulations of butyrylCoA and acetylphosphate, and reciprocal decreases in free CoA pools in MS-deficient Mtb cultured in the presence of acetate (Fig. 6) . Unfortunately, efforts to rescue MS-deficient Mtb from acetate toxicity by functionally replenishing oxaloacetate pools using exogenous oxaloacetate or succinate were unsuccessful, likely due to a combination of inadequate uptake rates and pHlimiting concentrations of metabolites that could be used.
Discussion
This work establishes a critical role for MS in fatty acid resistance and in vivo persistence of Mtb and uncovers a physiologic role of MS in Mtb. The perceived importance of the glyoxylate shunt for virulence of Mtb stems primarily from the essentiality of ICL for in vitro growth on fatty acids and attenuation of ICL-deficient Mtb in the acute and chronic phases of a mouse model of pulmonary TB (4, 7) . However, the consequences of inactivating ICL are complex as it affects multiple physiologic functions, only some of which are mediated through its canonical role in carbon assimilation. These include two distinct metabolic activities in the glyoxylate shunt and methylcitrate cycle, the latter of which was recently shown to mediate in vitro survival on even-and odd-chain fatty acids, due to critical roles in pH and membrane potential homeostasis (13, 16) . Moreover, this work showed that the canonical role of ICL in assimilation of even-chain fatty acids was, in fact, only essential for growth, but not survival, of Mtb.
Here, we report that Mtb's MS is essential for survival during the acute and chronic phases of infection in vivo and conditionally essential for survival on fatty acid substrates in vitro. However, this essentiality is mediated by a similarly nonredundant function interlinked with, but distinct from, carbon assimilation-the detoxification of glyoxylate generated by ICL. Strikingly, addition of the ICL inhibitor itaconic acid, which inhibited entry of carbon through the glyoxylate shunt, also alleviated the bactericidal toxicity of fatty acid substrates against ΔglcB Mtb, while reducing intrabacterial levels of glyoxylate. It is similarly interesting to note that the specific activity of MS is 6 μmol/min/mg (18) 
The specific physiologic mechanism(s) of glyoxylate toxicity remains to be elucidated. However, the discovery of accumulated secondary/alternative products of acetate metabolism, including ketone bodies (a widely recognized biochemical derangement associated with starvation), identify ketoacidosis, and depletion of free CoA as two potential contributory mechanisms. Both acetoacetic acid and β-hydroxybutyric acid are acidic and can promote an intracellular acidosis over time as occurs in humans (36) . The specific impact of ketoacidosis in ΔglcB Mtb thus awaits further investigation. Recent work by Evans et al. similarly reported the vulnerability of Mtb to inhibition of CoA biosynthesis (37) .
Glyoxylate toxicity may not be specific to Mtb, as a strain of the plant pathogen Rhodococcus fascians with a mutation in MS displayed impaired pathogenicity and accumulated glyoxylate (38) . In contrast, Escherichia coli prevents glyoxylate accumulation via three reactions: (i) conversion to malate, (ii) reduction to glycolate, or (iii) conversion to 3-phosphoglycerate (39, 40) . Although the latter two appear to be absent in Mtb, Mtb is annotated to encode a glycine dehydrogenase capable of catalyzing the unidirectional reductive amination of glyoxylate to glycine (41) . Notwithstanding, the data presented here identify a nonredundant role of Mtb's MS in glyoxylate detoxification. Glyoxylate was recently reported to activate isocitrate dehydrogenase in mycobacteria, driving flux through the TCA cycle (42) . In agreement, glyoxylate accumulation in the MS mutant was accompanied by a significant increase in pool size of α-ketoglutarate.
It is interesting to note that the impact of acetate on growth of MS-deficient Mtb was concentration dependent. Despite inhibiting growth at high concentrations, low concentrations of acetate (0.025%) enhanced growth of ΔglcB in the presence of glucose. The metabolomics analysis revealed that at 0.025% acetate and 0.2% glucose, many of the metabolic changes observed in ΔglcB in 0.2% acetate and 0.2% glucose were absent or less severe, raising the possibility that Mtb has optimized its capacity for cocatabolism and growth around specific metabolic objectives distinct from other microbes (43) .
Because of its importance in Mtb virulence, ICL has been the focus of multiple drug discovery efforts. However, to date, reports of potent and selective ICL inhibitors remain lacking (44, 45) . This deficiency likely reflects the challenges associated with ICL's small active site, which is composed primarily of polar and charged side chains. In contrast, the structurally different active site of MS contains a mix of apolar and polar amino acids making it more druggable than ICL (20) . The MS active site is a long (25 Å) cavity, with a diameter of about 9 Å, connecting the outside solvent to the Mg 2+ in the catalytic center. The main function of the long tunnel is to bind the tail of acetyl CoA and position the acetyl group in the bottom of the cavity next to glyoxylate, which is coordinated to Mg 2+ (46) . Thus, the active site is considerably larger than the one of ICL and chemically more diverse, and it offers many opportunities for inhibitor binding.
The severe attenuation of MS-deficient Mtb in the mouse model is consistent with previous evidence that Mtb is exposed to fatty acids during acute and chronic mouse infections. This work further validates MS as a drug target in Mtb and encourages continued efforts to develop therapeutic MS inhibitors.
In summary, this study defines a previously unappreciated but essential physiologic role of MS as a metabolite detoxification enzyme in a human pathogen and highlights a generally underappreciated but potentially important dissociation between the conservation of a gene's biochemical and physiologic function.
Materials and Methods
Bacteria Culture Conditions. Mtb strains were cultured in Middlebrook 7H9 containing 0.5% fatty-acid-free BSA (Roche BSA fraction V, heat shock, fatty-acid-free with total FA ≤1.2 mg/g), 0.2% glucose, 0.085% NaCl, 0.2% glycerol, and 0.05% tyloxapol. For agar plates, Middlebrook 7H10 agar with 0.5% glycerol, 0.5% BSA fraction V (fatty-acid-free), 0.2% glucose, and 0.085% NaCl was used. For media containing oleic acid, 10% (vol/vol) commercial OADC (oleic acid, albumin, dextrose, catalase) supplement (final concentration 0.5% BSA, 0.2% glucose, 0.085% NaCl, 0.006% oleic acid, and 0.0003% catalase) and 0.5% glycerol was added to 7H9 or 7H10 media, prepared according to manufacturer's instructions. Carbon-defined minimal media consisted of 0.05% potassium phosphate monobasic, 0.05% magnesium sulfate heptahydrate, 0.2% citric acid, 0.005% ferric ammonium sulfate, 0.05% ammonium sulfate, 0.0001% zinc sulfate, and 0.05% tyloxapol. Carbon sources propionic acid, butyric acid, sodium acetate, valeric acid, glucose, and glycerol were added at the indicated concentration (%wt/vol or %vol/vol, depending on stock), and pH adjusted to 7.4. Growth curves with cholesterol were performed in "cholesterol base media" as previously described (26) . Briefly, a 500× stock of cholesterol was made by addition of 100 mg cholesterol to 1 mL of tyloxapol and 1 mL of ethanol. This was heated to 95°C-100°C before addition to warm minimal media containing 0.5 g/L asparagine, 1 g/L KH 2 PO 4 , 2.5 g/L Na 2 HPO 4 , 0.05 g/L ferric ammonium citrate, 0.5 g/L MgSO 4 •7H 2 O, 0.5 mg/L CaCl 2 , and 0.1 mg/L ZnSO 4 . Media was sterilized by filtration. When required, hygromycin B (50 μg/mL), streptomycin (10 μg/mL), kanamycin (25 μg/mL), and/or zeocin (25 μg/mL) were added. Where indicated, atc was added at 500 ng/mL and replenished at 250 ng/mL every 4-5 d. For metabolomics profiling, Mtb culture at OD 580 ∼1 was seeded onto 0.22-μM nitrocellulose filters atop 7H10 agar plates containing 0.5% fatty-acid-free BSA, 0.085% NaCl, 0.2% glucose, and 0.5% glycerol for 4 d, then 0.2% glucose for 2 d, before transfer to the indicated carbon source for 1 d. Bacteria were subsequently quenched in cold LC-MS-grade acetonitrile:methanol:water (40:40:20) buffer, scraped off of filters, and mechanically lysed using a bead beater before metabolite analysis.
Generation of Mutant Strains. All mutant strains were generated in the M. tuberculosis Erdman background. Mtb was first transformed with an attL5-integrating plasmid expressing glcB under the control of its native promoter. In this merodiploid strain, the native copy of glcB was replaced with a hygromycin resistance by homologous recombination. This att-site mutant was then used to generate both the glcB-DUC and glcB knockout strains. To generate glcB-DUC, the att-site mutant was transformed with an att-site-integrating plasmid expressing glcB C-terminally tagged with DAS+4 under the control of a Tet-OFF promoter (P750) controlled by the tetracycline repressor T38S38, and also a tweety-site integrating plasmid expressing sspB under the control of a Tet-ON promoter (P1) controlled by TSC10M repressor as described (21) . The glcB knockout strain (ΔglcB) was generated from the att-site mutant by replacement transformation of the glcB-expressing plasmid in the attL5 site with a plasmid lacking glcB. The complemented strain was generated by transforming ΔglcB with an attL5-siteintegrating plasmid expressing glcB under the control of the native glcB promoter. All vectors used for mutant generation and complementation were constructed using Gateway Cloning Technology (Invitrogen).
Survival Assays. Mtb cultures were grown to OD 0.2-1 in supplemented 7H9 medium with 0.5% fatty-acid-free BSA, 0.2% glucose, 0.085% NaCl, 0.2% glycerol, and 0.05% tyloxapol and spun down to remove the media. Pellets were resuspended in carbon-defined minimal media and used to inoculate 10 mL of the media of interest at an OD of 0.01. Cultures were incubated nonshaking at 37°C at 5% CO 2 in T25 vented flasks. Flasks were shaken to fully resuspend bacteria before aliquots were taken for serial dilutions and culture on 7H10 agar containing 0.5% fatty-acid-free BSA, 0.2% glucose, 0.085% NaCl, and 0.5% glycerol.
Metabolomics. LC-MS differentiation and detection of Mtb metabolites was performed with an Agilent Accurate Mass 6220 TOF coupled with an Agilent 1200 Liquid Chromatography system using a Cogent Diamond Hydride Type C column (Microsolve Technologies) as described (12) . Standards of authentic chemicals of known amounts were mixed with bacterial lysates and analyzed to generate the standard curves used to quantify metabolite levels. Metabolite concentrations were normalized to biomass based on measurement of residual peptide content in individual samples using the Pierce BCA Protein Assay kit. Data were analyzed using Profinder B.06.00 software.
Mouse and Macrophage Infections. We isolated and infected bone-marrowderived mouse macrophages as previously described (47) . Aerosol infections of 7-wk-old female C57BL/6 mice (The Jackson Laboratory) were performed using a Glas-Col inhalation exposure system with early log phase Mtb cultures prepared as single-cell suspensions in PBS to deliver 100-200 bacilli per mouse. At the indicated time points, doxycycline food (2000 ppm; Research Diets) was administered in lieu of regular mouse chow for the rest of the experiment. To quantify bacteria, serial dilutions of lung and spleen homogenates were cultured on 7H10 plates containing 10% fatty-acid-free BSA, 0.2% glucose, 0.085% NaCl, and 0.5% glycerol. The left lobe of the mouse lungs was fixed in 10% formalin in PBS and used for staining with hematoxylin and eosin. Procedures involving mice were performed as according to National Institutes of Health guidelines for housing and care of laboratory animals and were reviewed and approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College.
Immunoblot Analysis. Rabbit polyclonal antiserum against recombinant malate synthase protein (18) was generated by GenScript. Immunoblot analysis was done as described (24) using malate synthase antiserum (1:3,500) or antiserum against the proteasome subunit B (PrcB) (1:20,000) in Odyssey blocking buffer and PBS (1:1) in 0.1% Tween-20. The membranes were washed and then incubated with secondary IRDye 680 donkey antirabbit IgG (H+L) (LI-COR Biosciences). After washing, proteins were visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences).
